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ABSTRACT 


V 

•Conducting  silver  and  gold  coatings  on  silicon  Attenuated  Total  Reflectance 
(ATR)  plates  have  been  employed  as  transparent  electrodes  to  monitor  in  situ 
surface  electrochemistry.  The  multiple  internal  reflection  Fourier  transform 
infrared  spectroscopy  (MIRFTIRS)  technique,  used  previously  to  study  redox 
reactions  on  platinum  and  iron  films,  is  applied  in  this  work  to  the  study  of 
adsorption  processes  in  the  double-layer  region,  in  particular,  the  adsorption  of 
thiocyanate  on  silver  and  gold.  The  MIRFTIRS  spectra  were  found  to  be 
essentially  free  of  solution  band  interference  and  are  compared  to  surface  IR 
spectra  of  the  same  system  obtained  by  other  methods.  Spectra  of  thiocyanate 
adsorbed  on  gold  and  silver  surfaces  have  been  recorded  as  a  function  of  applied 
potential  and  thiocyanate  concentration.  Evidence  of  thiocyanate  species 
absorbed  to  gold  via  both  nitrogen  and  sulfur  atoms  has  been  obtained,  while  only 
S-bound  thiocyanate  was  clearly  observed  on  silver,  r 
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INTRODUCTION 


The  spectroelectrochemical  technique,  Multiple  Internal  Reflection  Fourier 
Transform  Infrared  Spectroscopy  (MIRFTIRS),  has  previously  been  employed  in  redox 
studies  involving  iron  and  platinum  films  (1-3).  The  sensitivity  and  surface 
selectivity  of  MIRFTIRS,  however,  suggest  that  it  has  much  broader  applications, 
both  in  terms  of  the  chemical  systems  which  can  be  studied  and  the  combinations 
of  metal  films  and  ATR  substrates  available.  The  method  is  applied  here  to  study 
adsorption  of  thiocyanate  on  silver  and  gold  films  within  limits  of  applied 
potential  where  no  Faradaic  processes  occur. 

One  of  the  major  advantages  of  internal  reflection  methods  is  the  ability  to 
control  the  depth  of  penetration  of  the  evanescent  wave  past  the  surface  which 
makes  it  possible  to  avoid  intense  interference  from  solution  bands.  The 
combination  of  the  multiple  reflection  technique  with  FTIR  improves  signal/noise 
and  the  speed  at  which  data  can  be  collected.  In  addition  to  the  surface 
specificity,  signal/noise  improvement,  and  speed  advantages  of  MIRFTIRS, 
electrodes  of  a  variety  of  different  metals  are  easily  prepared  by  vapor- 
depositing  or  sputter-coating  thin  films  on  cleaned  silicon  (or  other  suitable 
material)  ATR  plates. 

Another  major  advantage  of  the  MIRFTIRS  spectroelectrochemical  technique  is 
the  geometry  of  the  electrochemical  cell.  The  cell  configuration  favors  a 
uniform  potential  distribution  across  the  face  of  the  working  electrode  (the  thin 
metal  film).  An  uneven  potential  distribution  may  exist  across  the  electrode 
surface  in  an  external  reflection  geometry  due  to  the  finite  IR  drop  through  the 
thin  solution  layer  trapped  between  the  electrode  surface  and  the  cell  window. 

The  use  of  ATR  methods  with  thin  metal  film  electrodes  is  a  well  established 
approach  to  spectroelectrochemical  studies.  The  electrochemical  method  most 
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often  explored  and  most  closely  related  to  MIRFTIRS,  which  demonstrates  surface- 
specificity  in  the  infrared,  is  the  single-reflectance  Kretschmann  configuration 
ATR  method.  The  Kretschmann  configuration  has  been  used  to  probe  thiocyanate 
adsorption  on  silver  and  gold  films  (4,5).  The  advantages  of  MIRFTIRS  over  the 
Kretschmann  configuration  are  that  the  increased  number  of  internal  reflections 
improves  signal/noise.  Multiple  reflections  also  insure  that  data  are  generated 
from  a  representative  sample  of  the  electrode  surface,  which  prevents  misleading 
spectra  from  chemistry  occurring  at  one  specific  site  on  an  electrode  surface 
(6). 

Although  optically  transparent  metal  films  on  multiple  internal  reflection 
ATR  plates  have  seldom  been  used  in  spectroelectrochemical  experiments,  many 
multiple-reflection  ATR  electrochemical  studies  have  been  performed  without  the 
use  of  metal  films.  These  investigations  have  been  limited  to  semiconducting 
electrodes.  Several  types  of  the  commercially  available  ATR  plate  materials  have 
been  studied.  For  example,  ZnO  crystals  (7),  tin  oxide  (an  n-type  semiconductor) 
coatings  on  glass  (8),  silicon  (9-12),  and  germanium  (13)  were  all  used  in  ATR 
electrochemical  experiments  after  the  pioneering  work  on  germanium  by  Mark  and 
Pons  in  1966  (14).  A  recent  and  more  detailed  review  of  semiconductor- 
electrolyte  interface  studies  is  available  (15). 

Since  the  benefits  of  multiple-internal  reflection  are  well  known  in 

I 

semiconductor  electrochemistry,  the  development  of  MIRFTIRS  with  fully 
conducting,  optically  transparent  metal  films  seems  a  reasonable  solution  to  some 
of  the  specificity  and  sensitivity  problems  encountered  in  surface  adsorption 
spectroelectrochemistry.  The  choice  of  thiocyanate  as  an  example  system  for 
study  was  based  on  the  window  of  spectral  transparency  of  silicon  in  the 
infrared,  and  on  the  availability  of  data  from  previous  studies  performed  on 
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thiocyanate  for  comparison  with  data  collected  in  this  work.  The  silicon  ATR 
substrate  is  optically  transparent  to  infrared  radiation  at  frequencies  only 
above  "1600  cm“l;  low  wavenumber  information  is  unavailable  using  a  silicon  ATR 
plate.  Detection  of  thiocyanate  stretching  mode  (occurring  between  2000- 
2200  cm"'*)  is  compatible  with  the  infrared  window  of  silicon.  The  hardness  of 
silicon,  however,  makes  it  an  ideal  substrate  for  control  of  thin  metal  film 
deposition.  Softer  ATR  substrate  materials  were  found  to  require  vapor- 
deposition  of  thicker  metal  layers  in  order  to  yield  films  which  are  conductive. 
Thinner  metal  films  have  the  advantage  of  allowing  greater  infrared  intensity  to 
interrogate  the  metal/solution  interface  than  thicker  metal  layers. 

The  second  reason  for  studying  thiocyanate  adsorption  is  the  large  body  of 
information  on  the  adsorption  of  this  ion  on  a  variety  of  metals  as  discussed  in 
a  recent  review  (16),  and  in  publications  dealing  specifically  with  thiocyanate 
adsorption  on  silver  and  gold  (4,5,17-19).  While  a  great  deal  of  data  exists  for 
thiocyanate  adsorption,  discrepancies  exist  in  the  interpretation  of  the  results 
from  different  methods  used  to  study  the  same  system.  The  spectroelectrochemical 
methods  which  have  been  used  to  probe  this  system  include  subtractively 
normalized  interfacial  Fourier  transform  infrared  spectroscopy  (SNIFTIRS)  (18a), 
surface-enhanced  Raman  spectroscopy  (SERS)  (17,18a),  Fourier  transform  infrared 
reflection  absorption  spectroscopy  (FT-IRRAS)  (19),  and  the  Kretchmann  ATR  prism 
configuration  method  (4).  Choosing  a  system  studied  by  other 
spectroelectrochemical  methods  prior  to  this  work  allows  direct  comparisons 
between  MIRFTIRS  and  other  spectroelectrochemical  methods. 
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EXPERIMENTAL 


Materials.  Sodium  thiocyanate  was  used  as  received  from  EM  Science.  Sodium 
perchlorate,  hydrated,  was  used  as  received  from  the  G.  Frederick  Smith  Chemical 
Company.  Chemicals  used  in  cleaning  the  silicon  substrate  include  30%  hydrogen 
peroxide  from  Malinckrodt,  and  hydrofluoric  acid,  ammonium  hydroxide,  nitric 
acid,  and  hydrochloric  acid,  (reagent  grade)  from  J.T.  Baker.  These  materials 
were  used  as  received.  Water  for  these  experiments  was  from  a  NANOpure  II  water 
purification  system  from  Barnstead. 

The  polycrystalline  silicon  substrates,  part  number  EE3131,  were  obtained 
from  Harrick  Scientific  Corporation.  Each  substrate  was  a  50x20x3  mm,  45o^ 
single  pass  parallelepiped  plate. 

Substrate  modification.  Prior  to  vapor-depositing  thin  silver  or  gold  films 
on  the  silicon  substrate,  previously  deposited  metal  films  were  removed  by 
several  minutes  of  soaking  in  an  Agua  Regia  bath.  The  teflon  components  of  the 
spectroelectrochemical  cell  were  also  rinsed  with  Aqua  Regia.  The  silicon 
substrate  was  cleaned  by  procedures  that  have  been  described  elsewhere  (20). 

Although  no  oxide  layer  was  intentionally  grown  on  the  silicon  ATR  plate,  a 
silicon  oxide  layer  ("lOA  as  determined  by  el  1 ipsometry)  has  been  shown  (21)  to 
grow  under  ambient  conditions  on  clean  silicon  substrates.  To  remove  this  oxide 
layer,  the  crystal  was  placed  in  a  solution  of  1:50  HF:H20,  so  that  any  oxide 
layer  present  was  removed.  This  procedure  was  carried  out  immediately  before 
placing  the  ATR  plate  in  the  vacuum  system. 

An  Edwards  model  E306A  vacuum  coating  unit  was  used  to  vapor  deposit  thin 
films  of  silver  (99.99+  %  wire)  and  gold  (99.99+  %  wire)  onto  the  cleaned  silicon 
ATR  plates.  Films  were  deposited  immediately  before  each  experiment,  and  each 
film  was  used  only  once.  The  thickness  of  the  silver  and  gold  layers  deposited 
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were  measured  by  an  Edwards  model  FTM5  thickness  monitor.  Both  metals  were 
deposited  at  a  rate  of  “4  nm/sec  under  a  vacuum  of  5  x  10-5  torr.  For  silver 
film  experiments,  the  thickness  of  the  silver  layer  was  205  +  2  nm,  and  for  gold 
the  thickness  deposited  was  225  +  3  nm. 

ATR-FTIR.  The  FTIR  system  used  was  a  Bio-Rad,  Digilab  division,  FTS-40 
equipped  with  a  3240  SPC  data  system.  Spectra  were  obtained  at  a  resolution  of  4 
cm“^ .  A  variable  angle  ATR  attachment  designed  to  fit  the  FTIR  was  a  model  301 
from  Spectra-Tech.  The  spectroelectrochemical  cell  used  is  illustrated  in 
Figure  1.  In  addition  to  the  metal-coated  ATR  substrate  serving  as  the  working 
electrode,  the  cell  contained  a  platinum  counter  electrode,  and  a  saturated 
calomel  reference  electrode  (SCE). 

MIRFTIR  Measurements.  The  ATR  spectroelectrochemical  cell  containing  the 
metal-film  coated  crystal  was  placed  and  aligned  in  the  dry  air  purged  sample 
compartment  of  the  spectrophotometer.  The  cell  was  filled  with  a  freshly 
prepared  NaSCN/NaC104"H20  solution  (the  perchlorate  concentration  was  0.15  M  in 
all  experiments,  and  the  NaSCN  concentration  was  varied  between  1,  10  and  25  mM, 
as  labeled  on  the  spectra).  Once  introduced  into  the  cell,  the  electrolyte 
solutions  were  degassed  with  pure  nitrogen  before  each  experiment.  The 
electrochemical  potential  was  controlled  by  an  IBM  Instruments  model  EC225la 
Voltammetric  Analyzer.  A  silver  wire  was  clamped  to  an  edge  of  the  ATR  plate  in 
such  a  way  that  the  wire  contacted  the  metal  film  surface.  The  completeness  of 
this  connection  was  tested  with  a  continuity  tester.  No  epoxy,  glue,  or  solder 
was  necessary.  The  background  spectrum  was  collected  at  zero  potential  versus 
the  SCE  reference.  All  potentials  reoorted  here  are  versus  the  SCE  reference. 

For  each  potential,  256  inter ferograms  were  collected  and  averaged. 
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RESULTS  ANO  DISCUSSION 


The  MIRFTIRS  Technique 

The  MIRFTIRS  technique  appears  to  provide  several  important  attributes  for 
spectroelectrochemical  studies:  1)  its  surface  selectivity  limits  the  solution 
band  interference,  2)  the  multiple  reflections  effectively  increase  the  signal- 
to-noise  ratio,  and  3)  an  even  potential  distribution  is  achieved  across  the  face 
of  the  electrode.  This  section  will  provide  a  discussion  of  the  data  in  terms  of 
these  benefits,  while  comparing  MIRFTIRS  with  techniques  previously  employed. 

Figures  2  through  7  show  the  infrared  difference  spectra  of  SCN-  adsorbed 
from  electrolyte  solutions  of  varying  concentrations  (as  labeled  on  the  figures) 
on  both  silver  and  gold  electrodes;  the  reference  spectrum  used  to  generate  the 
difference  spectra  was  collected  under  identical  conditions  at  zero  volts  versus 
SCE.  On  both  metals,  the  signal  to  noise  is  very  good  for  25  and  10  mM  NaSCN 
solutions  and  peaks  can  be  seen  on  the  spectra  from  films  of  both  metals  at  the  1 
mM  concentration  level.  The  signal/noise  ratio  of  the  MIRFTIRS  system  appears  to 
be  improved  over  the  data  obtained  by  the  Kretschmann  prism  configuration  for  the 
same  NaSCN  solution  concentration  on  gold  (5)  and  on  silver  (4).  Unfortunately, 
these  references  (4,5)  do  not  state  the  number  of  spectra  collected  using  the 
Kretschmann  method.  The  Kretschmann  configuration  generates  data  with  superior 
signal/noise  over  the  Fourier  transform  IRRAS  technique  in  thiocyanate  on  silver 
electrodes  (4). 

Solution  phase  species  can  interfere  with  the  collection  of 
spectroelectrochemical  data  of  surface  adsorbed  species.  Thiocyanate  ion  in 
aqueous  solution  has  a  band  at  about  2065  cm~l  (18,  19,  22)  which  is  generally 
not  seen  using  MIRFTIRS.  To  test  the  position  of  the  solution  band  in  the  ATR 
arrangement,  a  cleaned  silicon  substrate  which  had  not  been  coated  with  a  thin 
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metal  film  was:  placed  in  the  electrochemical  cell.  The  cell  was  filled  with  lOmM 
NaSCN  if*  0.15  M  NaC104.  A  background  collected  from  the  empty  cell  was 
subtracted  from  a  spectrum  of  the  NaSCN-containing  cell.  The  solution  peak  was 
found  to  appear  at  2065  cm~^,  with  a  weak  intensity  of  4  X  10-^  absorbance  units. 
For  the  geometry  of  these  MIRFTIRS  experiments,  a  calculation  of  the  depth  of 
penetration,  dp,  the  distance  into  the  solution  at  which  the  evanescent  wave 
intensity  drops  by  a  factor  of  e”2  (23),  indicates  that  between  2000  and 
2500  cm'** ,  dp  is  in  the  range  0.31-0.38  pm.  The  interface  was  modeled  as  a 
silicon/water  boundary  in  these  calculations,  since  the  thickness  of  the  silver 
or  gold  films  are  only  about  4%  of  the  wavelength  of  light,  and  NaC104  and  NaSCN 
are  present  at  low  concentrations.  The  refractive  indices  of  silicon  (24)  and 
water  (25)  were  found  in  the  literature.  The  very  small  depth  of  penetration  of 
the  evanescent  wave  into  the  solution  explains  the  weak  intensity  of  the  solution 
band  detected  in  this  experiment. 

Some  evidence  of  solution  interference  may  be  seen  in  the  -0.5  volt 
potential  spectrum  of  25  mM  thiocyanate  on  gold  (see  Figure  8a)  and  possibly  in 
spectra  collected  at  the  same  potential  on  silver  (Figure  8b),  out  the  presence 
of  the  solution  band  does  not  interfere  with  the  interpretation  of  the  adsorbed 
species.  The  peak  assigned  as  a  solution  band  in  Figure  8a  (SCN"  on  Au)  occurs 
at  *'2070  cm"l,  and  in  Figure  8b  (SCN”  on  Ag)  the  peak  nearest  the  solution  band 
frequency  occurs  at  "2087  cm~l .  The  2087  cm"^  peak  in  the  silver  experiments  is 
to  high  in  frequency  to  be  assigned  to  the  solution  species,  and  will  be 
discussed  further  below.  The  presence  of  adsorbed  species  throughout  the  double 
layer  region  studied  here  is  indicated  by  differential  capacitance  data  for  both 
Ag  (26)  and  Au  (18),  which  show  that  thiocyanate  is  adsorbed  on  the  electrode 
surface  at  all  potentials  within  the  double  layer  region.  Since  most  of  the 
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spectra  presented  (Figures  2-7)  here  show  little  or  no  solution  interference,  and 
since  capacitance  data  confirm  that  adsorbed  species  are  present,  the  peaks 
occurring  in  Figures  2-7  above  2070  cm""'  are  assigned  to  adsorbed  species.  The 
designation  of  peaks  existing  at  wavenumbers  higher  than  2070  as  adsorbed 

species  is  reinforced  by  the  fact  that  adsorbed  species  change  frequencies  with 
changes  in  potential,  while  solution  peak  frequencies  do  not  respond  to  changes 
in  potential.  All  of  the  peaks  assigned  as  surface  species  here  show  a  definite 
shift  in  energy  as  the  electrode  potential  is  changed  from  positive  to  negative 
values. 

At  first  glance,  some  discrepancies  appear  between  the  difference  spectra 
presented  here  and  the  SNIFTIRS  data  from  the  same  systems  (18,  19).  The 
SNIFTIRS  data  shows  the  presence  of  a  strong  solution  band,  with  a  maximum  at 
2064  cm"'*  on  gold  (18)  and  at  approximately  the  same  frequency  on  silver  (19); 
note  that  this  frequency  corresponds  to  the  solution-phase  thiocyanate  species. 

In  the  SNIFTIRS  experiment  on  silver  (19),  the  distance  through  the  solution  that 
the  IR  beam  traveled  was  given  as  100  pm  (twice  the  distance,  50pm,  between  the 
optical  window  of  the  cell  and  the  electrode).  However,  this  distance  does  not 
reflect  the  SNIFTIRS  cell  geometry  precisely,  since  the  cell  window  and  the 
electrode  surface  are  not  necessarily  parallel,  allowing  for  significant 
differences  in  IR  path  length  at  various  points  on  the  electrode  surface.  As 
described  above,  our  depth  of  penetration  into  the  solution  in  the  spectral 
region  of  interest  is  between  0.31  and  0.38  pm,  so  it  is  reasonable  that  the 
SNIFTIRS  technique  should  suffer  more  from  solution  band  interference  than  the 
MIRFTIRS  method.  We  observe  a  ten-fold  attenuation  of  the  solution  band  peak 
with  the  MIRFTIRS  data  over  that  of  the  SNIFTIRS  data  given  in  the  literature 
(19).  This  suggests  that  the  actual  pathlength  of  infrared  light  through  the 
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SNIFTIRS  cell,  as  it  was  assembled  in  the  experiments  documented  (19),  was  less 
than  10  pm. 

A  shoulder  on  the  apparent  solution  band  in  SNIFTIRS  experiments  on  gold 
occurs  at  2106  cm~1  (18),  the  same  position  as  a  peak  observed  in  the  present 
work  (see  Figure  2).  Figures  2,  3,  and  4  show  peaks  in  the  2125-2133  cm”"'  range 
(although  none  occurred  above  2133  cm”"*),  and  in  the  2112-2122  cm"^  range,  as 
reported  previously  in  the  SNIFTIRS  results  (18,  19).  The  absence  of  the 
solution  band  near  2065  cm”"'  in  the  data  presented  here  make  band  assignments 
more  straightforward  than  in  the  SNIFTIRS  data  (18,  19).  Spectra  from 
thiocyanate  adsorbed  on  silver  reported  for  the  SNIFTIRS  technique  (19)  are 
noisier  than  the  MIRFTIRS  data  and  more  difficult  to  compare.  The  principal 
difficulty  in  comparing  SNIFTIRS  and  MIRFTIRS  data,  however,  is  that  the  silver 
SNIFTIRS  data  have  significant  interference  from  the  solution  band,  which 
obscures  the  region  of  interest. 

Thiocyanate  Adsorption  on  Silver 

While  many  similarities  exist  in  the  adsorption  of  thiocyanate  to  silver  and 
gold,  it  is  convenient  to  examine  each  system  separately.  At  the  silver 
electrode  with  a  25  mM  NaSCN  concentration  (Figure  2),  as  the  potential  was  tuned 
from  +0.2  volts  to  -0.6  volts,  the  strongest  band,  which  gains  intensity  at 
positive  potentials  and  looses  intensity  at  negative  potentials  compared  to  the 
zero  volt  reference  spectrum,  shifts  from  2124-2114  cm""'  (dv/dE  =  12  cm“^’V"^). 
This  peak  is  assigned  as  the  S-bound  thiocyanate  species,  since  S-bound 
thiocyanate  has  been  determined  to  be  the  predominant  surface  species  at  more 
positive  potentials  (4,5,18),  and  since  the  peak  position  shifts  with  potential. 
Assignments  of  vibrations  as  surface  species  are  made  only  for  those  peaks  which 
shift  with  potential,  since  frequencies  of  solution  species  do  not  shift  with 
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potential  (16).  The  peak-to-peak  value  of  12  cm-l-V""'  for  dv/6E  is  similar  to 
values  reported  elsewhere  for  the  S-bound  thiocyanate  (22,  18a).  Frequency  and 
intensity  data  for  25  mM,  10  mM  and  1  mM  NaSCN  solutions  are  listed  in  Table  I. 

The  only  other  spectral  feature,  which  is  seen  as  a  weak  positive  peak  in 
the  25  mM  and  10  mM  concentration  data,  is  the  small  peak  which  appears  to  shift 
from  2102-2087  cm"''  between  -0.1  volts  and  -0.6  volts  (di'/dE  =  15  cm"'-V"')  (see 
Figure  3).  This  feature  is  not  observed  at  positive  potentials.  The  “2087  cm""' 
peak  is  a  weak  feature  compared  to  the  S-bound  thiocyanate  peak,  and  it  is  not 
observed  in  the  ImM  data.  This  peak  is  most  prominent  in  the  10mM  data  (as  the 
results  are  presented  here),  although  it  is  more  apparent  in  the  25  mM  results 
when  the  spectra  are  expanded,  as  shown  in  Figure  8b. 

The  2087  cm''  peak  might  be  assigned  as  a  solution  band,  since  a  very  broad 
feature  is  seen  at  2080  cm"'  in  the  spectra  collected  at  more  positive 
potentials.  At  positive  potentials  above  +0.2  volts,  the  silver  layer  begins 
form  AgSCN  or  a  precursor  and  leave  the  surface  (17).  Figure  9  shows  spectra  of 
thiocyanate  on  the  silver  electrode  at  the  potentials  +0.3  and  +0.4  volts.  The 
large  positive  peaks  at  2144  cm""'  are  assigned  to  the  presence  of  AgSCN  complexes 
on  the  electrode  surface.  Once  these  vibrational  bands  are  observed,  the 
electrode  no  longer  functions  electrochemically,  and  removing  the  substrate  from 
the  cell  reveals  a  gray,  easily  removable  material  on  the  silicon  surface. 
Assignment  of  the  AgSCN  peak  frequency  is  based  on  data  reported  elsewhere  (17), 
where  the  AgSCN  band  was  reported  to  be  2140  cm"'.  These  literature  data  agree 
well  with  the  2144  cm"'  peak  reported  here  (see  Figure  9).  The  relatively  weak, 
broad  feature  centered  at  2080  cm"'  could  be  due  to  solution  species  produced 
when  silver  has  left  the  electrode.  It  could  also  be  due  to  changes  in  the 
background  spectrum  occurring  from  loss  of  the  silver  layer. 
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The  assignment  of  the  “2087  cm“1  peak  as  a  solution  band  is  less 
supportable,  however,  if  all  of  the  data  collected  here  are  considered.  In  the 
discussion  above,  it  was  reported  that  the  frequency  of  this  band  changed  with 
potential.  Since  only  surface  species  show  changes  in  frequency  with  potential, 
and  since  it  has  been  shown  on  gold  that  N-bound  species  exist  at  more  negative 
potentials  (18),  the  “2087  cm~''  band  may  be  due  to  N-bound  thiocyanate  on  the 
surface.  Additional  data  to  support  the  N-bound  thiocyanate  claim  are:  1)  a 
solution  spectrum  was  collected  for  this  system  with  a  peak  appearing  at 
2065  cm“l,  a  significantly  lower  frequency  than  the  “2087  cm“^  peak  under 
discussion,  and  2)  Ashley  et  a1.  (22)  have  observed  that  N-bound  thiocyanate 
shifts  further  with  potential  than  the  S-bound  species  and  in  the  same  frequency 
direction  reported  here.  The  greater  frequency  shift  of  the  N-bound  over  the  S- 
bound  peaks  is  predicted  by  the  Gouy-Chapman-Stern  model  of  the  electrochemical 
interface  (27).  The  Gouy-Chapman-Stern  model  assumes  that  the  magnitude  of  the 
potential  drop  across  the  double-layer  region  is  greatest  near  the  electrode 
surface.  In  the  case  of  thiocyanate,  the  electric  field  which  the  C-N  oscillator 
experiences  is  greatest  in  the  N-bound  configuration,  which  induces  the  peak 
frequency  to  change  more  with  potential  (in  this  case,  the  N-bound  shifts 
15  cm~1  V“1  and  the  S-bound  shifts  12  cm""'  v''). 

While  the  assignment  of  the  “2087  cm"l  peak  as  N-bound  thiocyanate  is 
supported  by  its  shift  with  potential,  distortion  of  the  band  due  to  overlap  with 
the  S-bound  peak  and  the  weakness  of  the  band  make  a  definite  assignment 
difficult.  At  least  one  other  possible  explanation  (besides  N-bound  or  solution 
assignments)  exists.  The  overlap  of  the  weak  peak  with  the  S-bound  peak  may  also 
demonstrate  the  bipolar  nature  of  the  S-bound  peak,  which  increases  at  more 
negative  potentials.  The  occurrence  of  the  2087  cm-l  band,  which  is  not  seen  at 
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more  positive  potentials,  indicates  that  there  may  be  a  reorientation  at  more 
negative  potentials. 

Additional  observations  from  the  silver/thiocyanate  system  deserve  mention. 
Differences  in  the  spectra  versus  solution  concentration  are  apparent;  peak 
intensities  decrease  with  decreasing  concentration.  The  biggest  change  in 
intensity  occurs  between  the  lOmM  NaSCN  and  the  ImM  NaSCN  spectra.  While  there 
are  small  differences  in  sample  alignment  between  the  experiments,  the  bulk  of 
the  intensity  loss  is  probably  due  to  sub-monolayer  coverages  at  the  1mM  NaSCN 
concentration  levels.  Although  absolute  intensities  are  different  with 
concentration,  the  trend  toward  decreasing  intensity  with  decreasing  potential  is 
very  similar  for  all  three  concentrations  of  NaSCN  on  silver  (see  Figure  10), 

The  inability  to  distinguish  an  “IQBl  cm"!  peak  at  the  ImM  NaSCN  concentration 
level  may  be  a  function  of  the  low  signal/noise  ot^served.  No  evidence  (Figures 
2-4)  exists  for  a  bridge-bound  thiocyanate  on  the  silver  surface,  which  has  been 
reported  to  appear  at  a  frequency  of  "2165  cm“l  (I8c). 

Thus  far  we  have  overlooked  the  possibility  that,  while  we  have  obtained 
spectra  from  the  thiocyanate  soecies,  infrared  surface  enhancement  has  occurred 
(5).  Surface  enhancement  could  help  explain  the  peak  broadening  observed.  In  a 
study  of  the  surface-enhanced  Raman  (SER)  spectrum  of  thiocyanate  on  gold,  the 
frequency  of  the  CN  stretching  band  is  seen  to  decrease  in  intensity  and  shift  to 
lower  frequencies  in  the  range  2100-2130  cm'l  with  more  negative  potentials  (18). 
Our  data  fall  in  this  range  and  so  do  other  data  from  thiocyanate  on  more 
conventional  silver  electrodes,  where  frequencies  between  2110  and  2130  cm~l  have 
been  reported  (17,  28). 

Thiocyanate  Adsorption  on  Gold 

At  a  gold  surface  three  apparent  peaks  are  observed  from  adsorbed 
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thiocyanate  in  the  2000-2300  cm"!  region  (Figures  5-7).  In  the  data  from  25mM 
NaSCN  on  gold,  the  peak  positions  are  2133-2127  cm""’ ,  2122-2112  cm""’,  and  2106- 
2094  cin~'*  (wavenumber  ranges  in  response  to  potentials  from  ■•■0.2  volts  to  -0.6 
volts).  While  three  peaks  are  observed  in  these  difference  spectra,  the 
appearance  of  a  positive  peak  at  2112  cm~^  at  -0.6  volts  suggests  that  there  are 
actually  only  two  absorption  bands,  nearly  superimposed,  which  are  responsible 
for  the  observed  spectra.  The  spectra  appear  to  have  three  peaks  since  the  band 
which  gains  intensity  at  positive  potentials  is  much  broader  than  the  band  which 
gains  intensity  at  negative  potentials.  The  fit  of  these  difference  spectra  to  a 
two-band  model  show  excellent  agreement  with  the  data,  as  described  below. 

The  broader  band,  gaining  intensity  at  potentials  more  positive  than  the 
zero  volt  reference,  is  attributed  to  S-bound  thiocyanate,  while  the  narrower 
peak  with  opposite  behavior  is  assigned  to  N-bound  species.  The  S-bound 
thiocyanate  band  may  be  broader  than  the  band  from  N-bound  thiocyanate  because 
the  six  polarizable  lone  pair  electrons  on  the  sulfur  and  the  single  bond  between 
sulfur  and  carbon  would  allow  the  orientation  of  the  C-S  bond  with  respect  to  the 
surface  plane  to  vary.  Since  the  C=N  bond  would  thereby  change  its  angle  and 
distance  to  the  surface  and  encounter  differences  in  potential  within  the  double 
layer  region,  it  would  lead  to  peak  broadening.  This  broadening  would  not  be 
observed  for  the  N-bound  species,  since  the  single,  lone-pair  orbital  on  nitrogen 
would  favor  a  perpendicular  orientation  with  respect  to  the  gold  surface. 

The  postulation  of  N-bound  thiocyanate  vibrational  frequency  in  the  2122- 
2112  cm“1  wavenumber  range  is  a  higher  range  than  has  been  previously  reported 
(22,  18a).  In  the  work  of  Weaver,  et  a1.  (18),  N-bound  thiocyanate  has  been 
shown  to  occur  at  negative  potentials  on  gold.  This  was  determined  both  from 
infrared  spectroelectrochemical  and  SERS  results  (18).  Since  SERS  results  are 
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known  to  shift  the  peak  positions  to  lower  frequencies  (18),  unenhanced  spectra 
may  contain  peaks  due  to  N-bound  species  at  higher  wavenumbers  than  those  seen 
under  SERS  conditions.  The  assignments  made  from  SNIFTIRS  data  were  more 
difficult  due  to  distortion  from  the  strong  solution  species  band  (18a).  In 
these  data,  the  peak  postulated  to  be  from  N-bound  species  has  a  position  of 
2122-2112  cm~1,  but  the  presence  of  the  N-bound  species  makes  it  difficult  to 
make  a  definite  wavenumber  assignment  for  the  peak  of  the  S-bound  species.  Also, 
shifts  in  frequency  may  be  distorted  by  uneven  overlap  between  the  two  peaks. 
Finally,  these  features  can  be  observed  in  the  raw  MIRFTIRS  spectra  where  the 
reference  spectrum  at  0  volts  is  not  subtracted.  However,  the  changes  occurring 
in  both  bands  are  made  more  apparent  in  the  difference  spectra,  which  clearly 
show  the  potential -induced  reorientation  of  the  adsorbate. 

For  lOmM  NaSCN  (Figure  6),  the  ranges  for  the  three  apparent  peaks  observed 
were  2130-2125  cm-"',  2114-2111  cm'"',  and  2102-2095  cm-"*.  From  the  ImM  NaSCN 
solution  on  gold  data  these  ranges  were  2129-2123  cm"l,  2117-2108  cm~^,  and  2102- 
2093  cm"'!.  The  signal/noise  ratio  decreases  with  decreasing  concentration  (as  in 
the  silver  experiments)  indicating  less  coverage  with  lower  concentration  of 
added  thiocyanate.  While  the  signal/noise  for  ImM  NaSCN  on  gold  is  better  than 
for  ImM  NaSCN  on  silver,  the  data  are  still  too  noisy  to  make  precise  wavenumber 
assignments.  A  comparison  between  the  three  concentrations  of  NaSCN  on  gold 
shows  that  dv/dE  changes  very  little  with  decreasing  solution  thiocyanate 
concentration  for  both  the  N-bound  and  S-bound  thiocyanate.  At  ■fO.2  and  -*-0.3 
volts,  there  is  a  larger,  low  wavenumber  contribution  from  the  peak  assigned  as 
the  S-bound  thiocyanate  in  the  25mM  NaSCN  on  gold  data  than  in  either  the  lOmM  or 
ImM  NaSCN  on  gold  data.  This  low  wavenumber  contribution  is  either  due  to  the 
change  in  peak  position  of  the  S-bound  peak  with  concentration,  or  may  support 
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the  contention  of  Suetaka  et  al.  (5)  that  a  "twinned"  thiocyanate  group  exists  at 
more  positive  potentials.  At  more  dilute  solution  concentrations,  higher 
potentials  would  be  required  to  obtain  a  sufficient  surface  concentration  of  SCN~ 
ions  to  form  the  twinned  thiocyanate  species. 

The  existence  of  a  twinned  thiocyanate  species  seems  unlikely,  however,  when 
two  other  factors  are  considered.  First,  it  seems  reasonable  to  expect 
"twinning"  to  occur  more  readily  with  higher  solution  concentrations  of  NaSCN. 
However,  at  more  negative  potentials  for  all  three  concentrations,  the  peak  at 
"2095  cm~l  is  the  same  or  larger  in  negative  intensity  than  the  band  assigned  to 
S-bound  which  occurs  at  "2125  cm~^.  This  similarity  in  intensity  implies  that 
the  mole  ratio  of  the  S-bound  species  to  "twinning"  species  is  the  same 
regardless  of  concentration,  which  is  unlikely.  Second,  it  is  helpful  to  review 
the  method  of  data  collection.  A  comparison  of  the  negative  potential  data  in 
Figures  5-7  shows  that,  except  for  signal/noise  differences,  the  trend  for  the 
development  of  negative  peaks  in  what  we  have  labeled  the  S-bound  positions  are 
the  same  regardless  of  concentration.  In  all  three  experiments,  data  were 
collected  first  from  potentials  of  +0.2  to  -0.5  volts.  The  +0.3  volt  data  were 
collected,  for  the  lOmM  and  1  mM  NaSCN  concentrations,  after  the  other  data.  If, 
as  it  appears  from  the  data,  the  peak  possibly  arising  from  twinned  species  was 
only  weakly  formed  at  +0.2  volts,  then  the  large  negative-going  peaks  seen  at 
more  negative  potentials  are  not  indicative  of  the  loss  of  twinned  species  from 
the  surface.  It  is  not  possible  to  lose  surface  species  which  were  never  there. 
Because  of  the  method  by  which  the  data  were  collected,  we  assign  the  peaks  as 
two  overlapping  peaks,  the  narrowest  due  to  N-bound  thiocyanate  and  the  broadest 
due  to  S-bound  thiocyanate. 

The  results  of  fitting  the  25  mH  NaSCN  on  gold  data  to  a  two-band  model 
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using  Gaussian  band  shapes  can  be  seen  in  Figure  11  and  Table  II.  For  reasons 
cited  above,  the  S-bound  absorption  band  was  assumed  to  be  broader  than  the  band 
due  to  N-bound  thiocyanate.  The  band  widths  at  half  height  used  for  calculations 
at  all  potentials  were  fixed  at  15  cm“l  for  the  S-bound  and  7  cm“^  for  the  N- 
bound  species.  Fitting  was  optimized  by  minimizing  the  sum  of  the  squared 
residuals.  The  excellent  fit  of  the  two  Gaussian  band  model  argues  strongly  for 
the  presence  of  two  species  on  the  surface.  The  only  region  of  the  data  not 
accommodated  by  the  two-band  mode!  is  the  region  around  2020  cm~^  in  the  most 
negative  potential  difference  spectra;  this  shoulder  can  be  shown  to  arise  from 
the  frequency  shift  of  the  S-bound  species  absorption  relative  to  the  zero-volt 
reference  spectrum  (30).  The  exchange  of  one  surface  species  for  another  as  a 
function  of  surface  potential  can  be  readily  seen  in  the  relative  band 
intensities  plotted  in  Figure  12.  Increased  noise  in  the  lower  concentration 
data  meant  that  the  data  could  not  be  fitted  as  precisely,  so  the  determination 
of  dv/dE  would  be  uncertain.  From  the  fitted  data  at  higher  concentrations,  for 
25  mM  NaSCN,  dv/dE  =  16  cm"''  V""*  for  S-bound  and  dy/dE  =  10  cm"^  V"''  for  N-bound 
thiocyanate,  which  is  opposite  to  the  expected  trend  (where  N-bound  dv/dE  > 
S-bound  di»/dE).  While  the  presence  of  adsorbed  thiocyanate  in  the  background 
spectrum  at  zero  volts  can  reduce  the  magnitude  of  observed  band  shifts  in 
difference  spectra  (30,31),  the  direction  of  the  band  shift  is  preserved.  As 
shown  Figure  13,  the  S-bound  band  undergoes  large  changes  in  frequency  with 
potential  until  the  potential  reaches  -0.3  V,  below  which  its  vibrational 
frequency  appears  to  be  constant.  This  latter  behavior  is  actually  an  artifact 
of  taking  a  difference  spectrum  related  to  the  low  intensity  of  the  S-bound 
species  in  the  spectra  at  large  negative  potentials  (see  Figure  12).  In  this 
region,  the  negative-going,  S-bound  band  is  dominated  by  its  large  contribution 
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to  the  zero-volt  reference  spectrum  which  is  potential -independent. 

The  clear  observation  of  two  species  on  gold  but  not  on  silver  has  yet  to  be 
discussed.  Suetaka  et  al.  (4,5)  found  that  the  adsorbate  spectrum  disappeared  on 
gold  at  more  negative  potentials  than  were  required  to  make  the  spectrum 
disappear  on  silver.  Apparent  differences  in  the  behavior  of  the  two  metals  may 
be  due  to  the  substantial  shift  in  the  potential  of  zero  charge  between  gold  and 
silver  in  the  NaC104  electrolyte  (29).  Considering  the  different  properties  of 
these  metals,  the  variations  in  the  spectra  observed  due  to  the  metal  surface  and 
electronic  properties  are  not  surprising.  Such  properties  could  be  responsible 
for  differences  in  both  the  peak  positions  and  intensities  for  the  vibrations  of 
thiocyanate  adsorbed  on  gold  and  silver. 

CONCLUSIONS 

The  MIRFTIRS  technique  has  been  shown  to  be  useful  in  obtaining  information 
from  thiocyanate  adsorption  on  silver  and  gold  within  the  double-layer  region. 

Its  advantages  in  improved  signal-to-noise,  surface  selectivity,  and  speed  of 
data  collection  over  other  surface  spectroelectrochemical  techniques  demonstrate 
that  the  technique  should  be  utilized  in  future  studies  of  adsorbates.  Changes 
in  the  ATR  substrate  used,  and  the  metal  films  deposited  on  the  surface,  will 
increase  the  number  of  applications  possible  for  this  method. 

The  data  collected  using  MIRFTIRS  allowed  for  the  recognition  and  assignment 
of  spectral  features  from  N-  and  S-bound  thiocyanate  species  on  gold  surfaces, 
and  for  the  identification  of  S-bound  species  on  silver.  These  assignments 
differ  from  earlier  assignments,  but  this  can  be  explained  in  terms  of  the  better 
signal/noise  from  these  experiments,  and  the  absence  of  peaks  due  to  solution 
species  which  have  obscured  earlier  spectroelectrochemical  results. 
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FIGURE  LEGENDS 


1)  Detail  of  the  electrochemical  ATR  FTIR  cell.  A  shows  the  O-ring  position  in 
the  cell,  B  is  the  silicon  prism,  C  is  a  teflon  flow  cell  chamber  which  is  not 
filled  in  this  experiment,  0  indicates  the  aluminum  supports,  and  E  is  the 
electrochemical  flow  cell  chamber.  A  more  complete  view  of  E  in  seen  in  the  top 
view.  Here,  F  is  the  reference  electrode  (SCE)  which  fits  through  a  hole  in  the 
back  of  E  (as  seen  in  the  exploded  view).  G  is  the  platinum  secondary  electrode, 
H  indicates  the  metal-coated  side  of  the  infrared  substrate,  I  is  a  teflon 
protrusion  used  to  hold  G  in  place,  and  J  is  the  liquid  chamber  itself. 

2)  Difference  spectra  of  25mM  NaSCN  in  aqueous  0.15M  NaClD4  on  silver.  The 
background  reflectance  spectrum  used  for  ratioing  is  the  filled,  nitrogen  purged 
cell  at  a  potential  of  0  volts.  The  potentials  vs.  SCE  are  as  follows  A)  ■t'0.2  V, 
B)  +0.1  V,  C)  -0.1  V,  D)  -0.2  V,  E)  -0.3  V,  F)  -0.4  V,  G)  -0.5  V,  H)  -0.6  V. 

3)  Same  as  Figure  2  with  a  NaSCN  concentration  of  lOmM. 

4)  Same  as  Figure  2  with  a  NaSCN  concentration  of  ImM. 

5)  Difference  spectra  of  25mM  NaSCN  in  aqueous  0.15M  NaC104  on  gold.  The 
background  spectrum  subtracted  is  the  filled,  nitrogen  purged  cell  at  a  potential 
of  0  volts.  The  potentials  vs.  SCE  shown  are  as  follows  A)  +0.2  V,  B)  +0.1  V,  C) 
-0.1  V,  0)  -0.2  V,  E)  -0.3  V,  F)  -0.4  V,  G)  -0.5  V. 

6)  Same  as  Figure  5  with  a  NaSCN  concentration  of  lOmM.  The  potentials  vs.  SCE 

shown  are  A)  +0.3  V,  B)  +0.2  V,  C)  +0.1  V,  0)  -0.1  V,  E)  -0.2  V,  F)  -0.3  V,  G)  - 

0.4  V,  H)  -0.5  V. 


23 


7)  Same  as  Figure  5  with  a  NaSCN  concentrations  of  ImM.  The  potentials  vs.  SCE 
shown  are  the  same  as  in  Figure  6  with  the  addition  of  I)  -0.6  V. 

8)  Expanded  difference  spectra  of  the  25mM  NaSCN  system  in  aqueous  0.1 5M  NaC104 
at  a  potential  of  -0.5  V  (vs.  SCE)  on  A)  gold  and  B)  silver. 

9)  Difference  spectra  of  25mM  NaSCN  in  aqueous  0.15M  NaC104  on  silver  at  higher 
positive  potentials.  The  potentials  vs.  SCE  shown  are  A)  ■t-0.4  V  and  B)  -t-O.S 
Volts. 

10)  Changes  in  intensity  with  potential  (vs.  SCE)  for  three  concentrations  of 
NaSCN  at  silver;  A)  25  mM  NaSCN,  B)  10  mM  NaSCN,  C)  1  mM  NaSCN. 

11)  Difference  spectra  from  25  mM  NaSCN  solution  on  gold  (points)  fitted  to  a 
Gaussian  peak  shape  (line).  Data  are  from  various  potential  vs.  SCE:  A)  +0.2  V, 
B)  -0.1  V,  C)  -0.2  V,  D)  -0.3  V,  E)  -0.4  V,  F)  -0.5  V. 

12)  Plot  of  intensity  vs.  potential  for  fitted  data  from  25  mM  NaSCN  on  gold 
experiment.  +  =  N-bound,  =  S-bound. 

13)  Plot  of  peak  position  vs.  potential  for  fitted  data  from  25  mM  NaSCN  on  gold 
experiment.  +  =  N-bound,  |-!  =  S-bound. 
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Table  I.  Frequency  and  intensity  potential  dependence  of  S-bound  C-N  stretch  due 
to  thiocyanate  species  adsorbed  on  silver.  Concentrations  shown  are  25  mM  NaSCN, 
10  fflH  NaSCN,  and  1  mM  NaSCN.  Data  not  shown  were  too  weak  to  include. 


25mM 

lOmH 

ImM 

Potential 

crn'l 

intensity 

cm“^ 

intensity 

cm“^ 

intensity 

+0.2  V 

2124 

0.0050 

2124 

0.0045 

2121 

0.00060 

+0.1  V 

2123 

0.0025 

2122 

0.0033 

-0.1  V 

2117 

-0.0022 

-0.2  V 

2116 

-0.0039 

2116 

-0.0022 

2118 

-0.00028 

-0.3  V 

2116 

-0.0045 

2116 

-0.0029 

2117 

-0.00034 

-0.4  V 

2115 

-0.0049 

2114 

-0.0034 

2118 

-0.00043 

-0.5  V 

2115 

-0.0049 

2114 

-0.0033 

2117 

-0.00044 

-0.6  V 

2114 

-0.0048 

2114 

-0.0033 

2118 

-0.00047 

Table  II. 

Frequency  and  intensity  potential 

dependence  of  S-  and 

N-bound  C-N 

thiocyanate 

stretch 

from  gauss i an 

fit  of  25 

mM  NaSCN  on 

gold  data 

.  Data  in 

parentheses  fit  an  order  of  magnitude  worse  than  other  data. 


25mM 

S-bound 

25mM 

N-bound 

Potential 

cm"  "I 

intensity 

cm"'' 

intensity 

+0.2  V 

2119.7 

0.0047 

2119.2 

-0.0042 

+0,1  V 

(2116.0 

0.0029 

2118.5 

-0.0029) 

-0.1  V 

2118.0 

-0.0033 

2114.6 

0.0030 

-0.2  V 

2115.3 

-0.0054 

2113.9 

0.0052 

-0.3  V 

2109.8 

-0.0082 

2112.8 

0.0087 

-0.4  V 

2109.8 

-0.0092 

2112.3 

0.0120 

-0.5  V 

2110.0 

-0.0093 

2111.0 

0.0125 
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